Crosstalk between hematopoietic stem cells (HSCs) and the cells comprising the niche is critical for maintaining stem cell activities. Yet little evidence supports the concept that HSCs regulate development of the niche. Here, the ability of HSCs to directly regulate endosteal development was examined. Marrow was isolated 48 hours after "stressing" mice with a single acute bleed or from control nonstressed animals. "Stressed" and "nonstressed" HSCs were cocultured with bone marrow stromal cells to map mesenchymal fate. The data suggest that HSCs are able to guide mesenchymal differentiation toward the osteoblastic lineage under basal conditions. HSCs isolated from animals subjected to an acute stress were significantly better at inducing osteoblastic differentiation in vitro and in vivo than those from control animals. Importantly, HSC-derived bone morphogenic protein 2 (BMP-2) and BMP-6 were responsible for these activities. Furthermore, significant differences in the ability of HSCs to generate a BMP response following stress were noted in aged and in osteoporotic animals. Together these data suggest a coupling between HSC functions and bone turnover as in aging and in osteoporosis. For the first time, these results demonstrate that HSCs do not rest passively in their niche. Instead, they directly participate in bone formation and niche activities.
INTRODUCTION
Hematopoietic stem cells (HSCs) are capable of both selfrenewal and multilineage differentiation. These activities reside almost exclusively within niches located in the bone marrow in postfetal life. Morphologic and in vitro studies suggest that the HSC niches result from the contributions of a number of bone marrow stromal cells (BMSCs) with similar or restricted function(s) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Significant progress has been made in determining the role that niche-derived cytokines and adhesion molecules play in stem cell renewal [12] . Whether HSCs themselves regulate the maintenance or development of the niche has not been established. Yet it is a commonly held belief that crosstalk between HSCs and the niche regulates each other's function [13] [14] [15] .
It is now well accepted that cells in the osteoblastic (osteoblasts [OBs]) lineage play a central role in establishing the HSC niche [1] [2] [3] [4] [5] 12] . Essential to these observations are demonstrations that OB-expressed cell-to-cell receptors (e.g., N-Cadherin, Jagged, vascular cell adhesion molecule 1), soluble and cell surface-associated cytokines, and growth factors regulate HSC functions. Each of these factors is, in turn, influenced by mechanical, hormonal (e.g., parathyroid hormone), and local signals (e.g., bone morphogenic proteins [BMPs] , angiopoietin-1). Whether HSCs themselves regulate lineage decisions and commitment of OBs from mesenchymal precursors remains unclear. Although reciprocal cooperation in establishing the niche has been proposed, there is little direct experimental evidence for its occurrence. Indirect evidence such as the recurring trabeculation of the medullary cavity during ovulation [16] , the formation of primitive marrow in bone resorption centers [17] , the influence of nonadherent marrow on osteogenesis [18] , or the coordinated activities of osteoblasts and bone resorbing osteoclasts in HSC mobilization suggests such a possibility [19] . Nevertheless, there are few if any direct clues that HSCs participate in the development of the niche. If true, it may explain why many hematopoietic defects are accompanied by changes in the osseous architecture and provide new therapeutic targets for regulating bone formation.
To determine whether HSCs regulate the formation of their niche, we used a coculture system in which HSCs were cocultured with mesenchymal precursors. The fate of the mesenchymal cells was subsequently mapped. The data suggest that HSCs are able to direct mesenchymal differentiation toward the osteoblastic lineage under basal conditions. HSCs isolated from animals subjected to an acute stress (e.g., bleeding or 5-fluroruracil ) were significantly better at inducing osteoblastic differentiation in vitro and in vivo than were HSCs obtained from control animals. Importantly, HSC-derived BMP-2 and BMP-6 were responsible for these activities. Critically, the ability of HSCs to generate a BMP response was found to change over time and in an animal model of osteoporosis. These observations prove that HSCs are able to direct stromal cell fate and lineage decisions, an activity that heretofore has been relegated largely to the activity of the niche itself.
MATERIALS AND METHODS

Induction of Hematopoietic Stresses
C57BL/6 mice (Charles River Laboratories, Wilmington, MA, http://www.criver.com) were bled by jugular venipuncture under a protocol approved by the University of Michigan Committee for the Use and Care of Animals at the University of Michigan. The mice were anesthetized and approximately 20%-30% of the calculated blood volume (ϳ0.55 ml for a 20-g mouse) was removed. Control mice were also anesthetized and subjected to puncture without hemorrhage. In some cases, mice received a single injection of 150 mg/kg 5-fluorouracil (American Pharmaceutical Partners Inc., Schaumburg, IL, http://www.apppharma.com) or an equal volume of 0.9% sodium chloride vehicle solution to induce hematopoietic stress.
In separate experiments, 12-week-old female mice were sham operated (n ϭ 10) or underwent ovariectomy (OVX; n ϭ 20) via a lateral approach under anesthesia with ketamine cocktail (80 mg/kg ketamine and 15 mg/kg xylazine). Animals were fed ad libitum a standard mouse chow diet (Diet No. 5015; Harlan Teklad, Madison, WI, http://www.teklad.com), housed 3-4 per cage in autoclaved filter-top cages with autoclaved water, and kept on a 12-hour light/dark cycle in a conventional clean room facility. At 4 weeks after surgery a group of mice that underwent OVX (n ϭ 10) received an s.c. implant of 17 ␤-estradiol pellets (containing 0.18 mg each, 60-day release [Innovative Research of America, Sarasota, FL, http://www.innovrsrch.com]). The mice were euthanized 2 months after surgery, and serum, marrow, and bones were collected immediately.
HSC Isolation
Forty-eight hours after the induction of an acute stress, the animals were euthanized and the bone marrows flushed from the femurs and tibias with Hanks' buffered salt solution (HBSS [Invitrogen, Grand Island, NY, http://www.invitrogen.com]) without calcium or magnesium, supplemented with 2% heat-inactivated calf serum. Cells were triturated and filtered through a nylon screen ( 
Murine OBs
Murine OB cultures were obtained from frontal and parietal bones of newborn mice by sequential digestions with bacterial collagenase (CLS II; Worthington Biochemical, Freehold, NJ, http://www. worthington-biochem.com). Cells were pooled from the third to the fifth digestions: previous studies have shown that these cells have osteoblastic characteristics and have been extensively used to map OB maturation [20, 21] . When the cultures reached confluence, the cells were washed and placed in differentiation medium (␣ minimum essential medium [␣-MEM], supplemented with 10% fetal bovine serum [FBS] and 10 g/ml L-ascorbate and 10 mM ␤-glycerol phosphate) [22] .
Murine BMSCs
Marrow flushed from the femurs and tibia of nonmanipulated animals was used to generate BMSCs. After flushing the marrow into ␣-MEM medium with 2% FBS and 5 U/ml heparin (Sigma-Aldrich, St. Louis, http://www.sigmaaldrich.com), the low-density cells were collected by density centrifugation (Histopaque-1083; Sigma-Aldrich) and cultured in ␣-MEM containing 10% FBS and antibiotics. Once confluent, the cells were passaged 2-3 times with trypsin to minimize macrophage contamination.
Coculture of Hematopoietic Cells with Target Adherent Cells
Nonadherent bone marrow (NABM) cells (2 ϫ 10 4 ) or 200 LSK cells or HSCs isolated on the basis of the signaling lymphocyteactivation molecule (SLAM) family of receptors were placed into the top chambers of 24-well Transwell plates (0.4 m, polycarbonate; Corning Life Sciences, Lowell, MA, http://www.corning.com). Adherent BMSCs or OBs were plated at a final density of ϳ2 ϫ 10 4 /well in ␣-MEM containing 10% heat inactivated FBS, antibiotics, 10 g/ml L-ascorbate, and 10 mM ␤-glycerol phosphate into the bottom chambers of the Transwell plates. In some cases, adherent cells were used from BMSCs isolated from the heterozygous Runt-related transcript factor 2 (Runx2 ϩ/Ϫ ) mice containing the bacterial Lacz gene in the Runx2 locus or wild-type littermates for measuring Lacz activities in vitro [23] . The previously described heterozygous Runx2 ϩ/Ϫ mice with C57BL/6 genetic background were obtained from Dr. P. Ducy (Baylor College of Medicine, Houston, TX) [23] . Heterozygous mice were interbred and time mated to produce homozygous mutant animals. Where indicated, monoclonal anti-human BMP-2 and BMP-6 antibodies were added daily to the cocultures (BMP-2/4 and BMP-6 blocking antibodies; R&D Systems, Minneapolis, http://www.rndsystems.com). The antibodies were added at 5 ng/ml, at a median narcotic dose as reported by the manufacturer, to the cocultures.
Colony Enumeration
For fibroblast colony-forming unit (CFU-F) enumeration, the cultures were washed, fixed with 100% methanol, and stained with an aqueous solution of saturated methyl violet. Colonies with greater than 50 cells are counted. For osteoblast colony-forming unit (CFU-OB) enumeration, the cultures were fixed in 10% normal buffered formalin and stained for bound phosphate by the von Kossa technique using 5% (wt/vol) silver nitrate in PBS [24] . The black nodules (ϳ1 mm 2 ) were enumerated under a dissecting microscope (ϫ4).
Protein Levels
Coculture conditioned medium was collected and stored at Ϫ80°C until assayed for cytokine levels by double-antibody sandwich method with commercially available enzyme-linked immunosorbent assay kits according to the directions of the manufacturer; interleukin-6 (IL-6) (sensitivity 0.7 pg/ml, range 3.33-300 pg/ml; R&D Systems) and stromal-derived factor 1 (SDF-1) (sensitivity 0.014 ng/ml, range 0.156 -10 ng/ml; R&D Systems). Cytokine levels are presented as mean Ϯ standard error for triplicate determinations. Osteocalcin levels were determined by enzyme immunoassay (Biomedical Technologies Inc., Stoughton, MA, http:// www.btiinc.com) [25] .
Vertebral Body Transplant (Vossicle) Implantation
Lumbar vertebrae (vossicle) were isolated from the heterozygous Runx2 ϩ/Ϫ or wild-type littermates within 4 days of birth. Soft tissues were dissected and the vertebrae were sectioned into single vertebral bodies (vossicles) with a scalpel blade. Two 1-cm incisions were made along the backs of 6-to 7-week-old C57BL/6 mice. Pouches were made on either side of the incision by blunt dissection. Four vossicles were placed in each five mice and the surgical sites were closed with surgical clips. One month later, the vossicles were exposed, whereupon a small hole was made into the vossicles with a 30-gauge needle under a dissecting microscope. The marrow of 10 stressed or nonstressed animals was isolated, pooled, and stained for HSCs using the SLAM family of markers (ϳ 400 -500 HSCs were recovered per animal). Individual vossicles were either sham injected, or injected with 500 HSCs from stressed or nonstressed animals using a fine-tipped glass tube (n ϭ 5 per group). The animals were then allowed to recover. One week later, the vossicles were dissected and fixed in 10% formalin, processed, and embedded in paraffin. In some cases, fresh frozen sections were generated using cold formalin (4°C) for 10 minutes, washing the tissues three times, and then embedding the tissues in Optimal Cutting Temperature (OCT; Sakura Finetek, Torrance, CA, http:// www.sakuraus.com).
Immunohistochemistry
Murine bones were harvested and fixed in 10% neutral buffered formalin overnight, and decalcified in 10% EDTA, pH 7.5, for 10 days at 4°C. Paraffin-embedded slides were prepared (7 m), and stained with antibody to BMP-2 (rabbit polyclonal, ab14944, 5 g/ml; Abcam Inc., Cambridge, MA, http://www.abcam.com), antibody to BMP-6 (mouse monoclonal, ab15640, 2.5 g/ml; Abcam Inc.), or an IgG control (Sigma-Aldrich) in conjunction with a horseradish peroxidase-3-amino-9-ethylcarbazole staining kit following the manufacturer's protocols (R&D Systems). Vossicles were stained with an antibody to ␤-galactosidase (rabbit polyclonal, ab616; Abcam Inc.). Cryostat sections were stained with X-gal substrate at 37°C for 24 hours. Counterstaining was achieved using nuclear fast red for 3-5 minutes. Images were acquired on a Zeiss LSM510 microscope (Carl Zeiss, Jena, Germany, http://www.zeiss. com). The percentage of the field stained by immunohistochemistry or ␤-galactosidase enzyme activity was quantified using an Image Pro Plus v.5.1 image analysis system (Media Cybernetics, Bethesda, MD, http://www.mediacy.com).
Microcomputed Tomography Evaluations
Lumbar vertebrae were harvested 2 months after OVX and fixed in aqueous buffered zinc formalin for 24 hours at 4°C. For microcomputed tomography (micro-CT) analysis, specimens were scanned at 8.93 m voxel resolution on an EVS Corp., micro-CT scanner (London, ON, Canada, http://www.evscorporation.com), with a total of 667 slices per scan. GEMS MicroView software (GE Healthcare Bio-sciences, Piscataway, NJ, http://www.gehealthcare.com) was used to make a three-dimensional reconstruction from the set of scans. A fixed threshold (1,000) was used to extract the mineralized bone phase, and bone volume fraction, bone mineral density (BMD), and trabecular number were calculated.
RNA Analysis and Real-Time Reverse-TranscriptionPolymerase Chain Reaction
Total RNA was harvested from cells using with RNeasy Mini or Micro Kit (Qiagen, Valencia, CA, http://www1.qiagen.com). Firststrand cDNA synthesis and real-time polymerase chain reaction (PCR) were performed per the manufacturer's directions (Applied Biosystems, Foster City, CA, http://www.appliedbiosystems.com) or using MessageBooster cDNA synthesis kit when evaluating mRNA levels from isolated HSCs (Epicenter Biotechnologies, Madison, WI, http://www.epibio.com/). TaqMan predeveloped assay reagents (FAM/MGB probe; Applied Biosystems) were used for detection of mouse BMP-2 and BMP-6, fibroblast growth factor 23 (FGF-23), bone sialoprotein (BSP), Runx2, osteocalcin (OCN), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Universal mouse reference RNA (Stratagene, La Jolla, CA, http://www. stratagene.com) was used to generate a relative standard curve. Real-time detection of the PCR products was performed using an ABI PRISM 7700 sequence detector (Applied Biosystems) with assistance from University of Michigan School of Dentistry's Molecular Biology Core Facility. mRNA expression levels were calculated based on a standard curve, and normalized to GAPDH.
Statistical Analyses
Numerical data were expressed as means Ϯ standard deviation. Statistical differences between the means for the different groups were evaluated with Instat 4.0 (GraphPAD Software, San Diego, http://www.graphpad.com) using either a Student's t test or an analysis of variance with the level of significance at p Ͻ .05. Where indicated, a Kruskal-Wallis test and Dunn's multiple comparisons tests were used with the level of significance set at p Ͻ .05.
RESULTS
Nonadherent Bone Marrow Cells Regulate Stromal Cell Fate
As an initial test to determine whether hematopoietic cells influence mesenchymal cell fate, cocultures were established in dual-chambered culture wells containing either NABM fractions or dermal fibroblasts together with pre-established BMSC cultures. After 21 days, the fate of the BMSC layers was mapped. It was observed that the total number of adherent cell colonies increased significantly in the presence of the NABM cells. Segregation of the colonies using methyl violet to identify fibroblastic colonies (CFU-F) or von Kossa staining to identify osteoblastic colonies (CFU-OB) showed increases in both populations in the presence of the NABM cells. Except under rare conditions, osseous tissues are not normally formed under the dermis of mammals (Fig. 1) [26] . Therefore, we reasoned that dermal fibroblasts would provide an appropriate negative control for our studies. When these cells were included in the investigation, it was observed that soluble products derived from dermal fibroblasts may inhibit CFU-F or CFU-OB formation (Fig. 1) , suggesting that the stimulating activity was specific to the NABM cell population. Yet the changes in the mesenchymal cell population were not due to the NABM cells migrating through from the top chamber culture of the Transwell plates into the bottom chamber (Fig. 1) . This suggests that components of the NABM population are able to influence CFU-F and CFU-OB induction in mixed BMSC populations.
LSK Bone Marrow Cells Regulate Stromal Cell Fate
Based on these observations, it was hypothesized that HSCs in the NABM fractions were responsible for the effects observed on BMSCs. If true, two mechanisms may be envisioned in which HSCs could regulate the formation of the niche. The first mechanism may involve the signaling from HSCs to existing cellular populations to change the cytokine environment. A second or indirect mechanism may be that HSCs direct cytokine secretion indirectly by first regulating BMSC fate. To test this hypothesis, mice were phlebotomized to provide a hematopoietic stress by removing approximately 20%-30% of their blood volume by jugular vein puncture and aspiration. Control animals were subjected to a transdermal puncture alone (nonstressed). Two days later, LSK cells were isolated and placed into the top chamber of the dual-chamber culture wells. BMSCs or purified OBs derived from calvaria digests were placed into the bottom chambers to serve as the target populations. There were no mesenchymal colonies observed when the LSK cells were placed in the top chambers alone (Fig. 2A) . The majority of colonies derived from OBs exhibited an OB phenotype, whereupon the number of these colonies increased in the presence of the LSK cells ( Fig. 2A) . In the presence of LSK cells derived from the stressed animals, the number of CFU-OBs increased even further ( Fig. 2A) . Cultures established from BMSCs had a smaller percentage of OB colonies than those found in cultures established from OBs themselves. The presence of LSK cells expanded the total number of both CFU-Fs and CFU-OBs, and these were further expanded when LSK cells were obtained from stressed animals.
To determine whether the alteration in mesenchymal phenotype results in functional changes, the levels of secreted proteins in the coculture conditioned medium were evaluated. As shown in Figure 2B , the LSK cells themselves secreted little or no IL-6, SDF-1, or the OB-specific protein, OCN. All three factors were secreted by OBs, and overall their production increased in the presence of the LSK cells (Fig. 2B) . Most notably, the levels of all three factors increased significantly when the OBs were cocultured with LSK cells derived from the stressed animals. Similar findings were observed when the studies were repeated on stromal cells, but not when dermal fibroblasts were used as the cellular targets (Fig. 2B) . [27] . To determine whether HSCs themselves are able to alter mesenchymal differentiation, Sca-1
Sca
Ϫ cells were isolated from the bone marrow of phlebotomized or control animals ( Fig. 3A and supplemental online Fig.  1 ). HSCs (n ϭ 200) were then placed into coculture for 14 days with BMSCs. In this case, the BMSCs were derived from animals in which ␤-galactosidase was knocked into the bonespecific transcription factor, Runx2. Runx2/␤-galactosidase expression was not seen in cultures of BMSCs derived from wild-type animals (Fig. 3A) . Low levels of Runx2/␤-galactosidase expression were observed in the BMSCs derived from the knock-in animals in the absence of HSCs, whereas levels increased in the presence of HSCs. Significantly, more Runx2/␤-galactosidase induction was observed when the HSCs were derived from phlebotomized animals (Fig. 3A) .
Our group has developed an osteogenic assay in which neonatal skeletal elements form bone in vivo (e.g., vertebral body or "vossicles"), creating an ectopic bone marrow environment where bone niches are generated and can be studied [28, 29] . To determine whether HSCs are able to direct mesenchymal stem cell (MSC) fate in vivo, Sca-1
Ϫ cells were isolated from marrow of phlebotomized or control animals and injected directly into pre-established vossicles derived from the Runx2 knock-in animals. After 1 week, the vossicles were harvested and the induction of Runx2 was examined for ␤-galactosidase by immunohistochemistry or enzymatic activity (Fig. 3B , bottom right and left). No Runx2/␤-galactosidase activity was noted in vossicles derived from wild-type animals. Low levels of Runx2/␤-galactosidase expression were observed in the sham-injected Runx2/␤-galactosidase vossicles in the absence of HSCs. The levels of ␤-galactosidase increased in the presence of HSCs (Fig. 3B) . Significantly, more Runx2/␤-galactosidase expression was observed when the vossicles were injected with HSCs derived from phlebotomized animals (Fig. 3B, right) .
HSCs Regulate Stromal Cell Fate Through BMPs
To determine what the differences are between cells derived from "stressed" versus "nonstressed" animals, LSK cells were isolated and cDNA microarrays were performed on the recovered cells. From a list of more than 200 transcripts that were significantly increased in the LSK cells derived from stressed animals (not shown), three of the transcripts were selected for further study based on their known regulation of osteoblast development including BMP-2, BMP-6, and FGF-23.
These findings were validated by real-time reverse-transcription (RT)-PCR on HSCs isolated based upon their expression of the SLAM family of receptors (Sca-1
as described by Kiel et al. [27] . As shown in Figure 4A , the expression of BMP-2 and BMP-6 was significantly induced in HSCs following an acute stress. Yet no induction of FGF-23 was observed. To determine whether other hematopoietic stresses induce a BMP response, mice were exposed to 5-FU or a vehicle control and the HSCs were isolated at 48 hours. As with an acute bleed, induction of a BMP response was observed in the HSCs of mice exposed to 5-FU compared with vehicle alone (Fig. 4A) . Immunohistologic evaluations of the bone marrows of mice following an acute stress confirmed the induction of BMP-2 and BMP-6 in vivo (Fig. 4B) . 
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To substantiate that HSC-derived BMPs regulate BMSC fate, the coculture investigations were repeated by isolating HSCs from stressed and nonstressed 12-week-old animals. In this case, the cultures contained IgG or neutralizing antibody to BMP-2 or BMP-6. After 21 days, the OB phenotype was examined by real-time RT-PCR for the expression of Runx2 (an OB-specific transcription factor) or the OB-specific proteins BSP or OCN. As expected, BMSCs cocultured with HSCs derived from stressed animals expressed enhanced levels of each of the bone-specific markers in the presence of HSCs. These levels were further enhanced following an acute stress (Fig. 5) . Neutralizing antibody to BMP-2 prevented the increase in the expression of the OB markers when BMSCs were cocultured with HSCs derived from animals that were stressed. Similar results were seen when antibody to BMP-6 was used (Fig. 5) , or when OBs were used as the cellular targets (data not shown).
Aging Causes Dysregulation of BMP Expression by HSCs
We next examined whether aging altered stem cell function. HSCs were isolated from young, sexually mature and aged mice, and their ability to generate a BMP response to stress was explored. Surprisingly, in animals where the bones were actively forming, BMP-2 and BMP-6 mRNA expression levels in the HSCs were very low under basal conditions, but BMP-2 mRNA increased significantly in the stressed animals (Fig. 6 ). These observations suggest that early cellular pathways for bone formation may not be dominated by hematopoietic stem cell activities. As seen before, sexually mature 12-week-old animals responded to a hematopoietic stress by generating a BMP response. Unexpectedly, it was observed that HSCs of aged mice normally express high levels of BMP-2 mRNA, an expression pattern more in line with the stress response. However, stressing the aged animals resulted in decreased BMP expression. These findings suggest that aged animals, which may already have a stem cell niche under stress, are unable to meet the physiologic demands of additional stressful conditions.
Dysregulation of BMP Expression by HSCs in an Osteoporosis Animal Model
Osteoporosis is a disease of bone that leads to an increased risk of fracture, resulting from reductions in BMD and alterations in bone microarchitecture. It is largely considered to be a metabolic bone disease that results from defects in osteoblastic and osteoclastic function (e.g., bone remodeling) [30 -32] . To explore the possibility that bone loss in osteoporosis may be a consequence of defective or alterations in HSC function, an osteoporosis model generated by OVX in mice was used. Mice were randomized into three groups and treated as follows: sham operated, OVX, and OVX ϩ hormone replacement (␤-estradiol [E]). At 2 months, micro-CT measurements of the vertebrae revealed lower density in the OVX-treated animals compared with controls or OVX ϩ Figure 2 . Hematopoietic stress induces cytokine and mesenchymal changes in the HSC niche. In (A), LSK cells were isolated from hematopoietically stressed (removing ϳ20%-30% of the calculated blood volume by jugular vein venipuncture) (ϩ) and nonstressed (puncture only) (Ϫ) at 48 hours and were added to murine OBs, BMSCs, or DFs in dual-chambered culture plates. At 21 days, the cultures were examined for CFU-F (methylviolet staining) or CFU-OB (von Kossa staining) colonies. In (B), the conditioned medium was assayed for IL-6 and SDF-1 by enzyme-linked immunosorbent assay (R&D Systems), or the bone-specific protein osteocalcin by radioimmunoassay (Biomedical Technologies, Inc.), and are expressed as percentage change from OB levels alone for each assay, where ‫,ء‬ p Ͻ .05 (analysis of variance). The data indicate that HSCs from hematopoietically stressed animals are able to direct the formation of a microenvironment directly and influence cytokine secretion of stroma itself. Abbreviations: BMSC, bone marrow stromal cell; CFU-F, fibroblast colony-forming unit; CFU-OB, osteoblast colony forming unit; DF, dermal fibroblast; HSC, hematopoietic stem cell; IL-6, interleukin-6; LSK, Lin Ϫ Sca-1 ϩ cKit ϩ ; OB, osteoblast; SDF-1, stromal-derived factor 1.
hormone replacement (Fig. 7A) . Likewise bone mineral density, bone mineral volume, trabecular number, and bone mineral thickness were significantly reduced in the OVXtreated animals compared with controls or OVX ϩ E (Fig.  7B-7D and supplemental online Fig. 2) . When controlled for body weight, the difference in BMD between groups of mice that underwent OVX still remained significant (not shown). Sham-treated animals responded to a hematopoietic stress by generating a BMP-2 response (Fig. 7E) . OVX-treated animals failed to generate a BMP response following phlebotomy. Under nonstressed conditions, the HSCs of OVX ϩ hormone replacement-treated animals exhibited an increase in BMP-2 
CD48
Ϫ bone marrow cells regulate stromal cell fate in vitro and in vivo. In (A), Sca-1
Ϫ bone marrow cells were isolated from hematopoietically stressed and nonstressed (puncture only) (Ϫ) animals at 48 hours and were directly added to pre-established murine bone marrow stromal cells derived from Runx2 knock-in animals. Fluorescence-activated cell sorting profiles of the sorted HSCs are presented in supplemental figure 1. After 14 days, ␤-galactosidase activity was detected. The data are presented as mean Ϯ SD for n ϭ 5 determinations in three independent investigations. In (B), vossicles derived from Runx2 knock-in animals or littermate controls were implanted into wild-type animals. Four vossicles (n ϭ 4) were in of each five mice (n ϭ 5). At one month, the vossicles were exposed and either injected with 500 Sca-1
Ϫ bone marrow cells isolated from hematopoietically stressed or nonstressed animals, or sham injected with phosphate-buffered saline. One week later, the vossicles were harvested and tissues stained for ␤-galactosidase by immunohistochemistry or for enzymatic activity (bottom left). Bar ϭ 50 m. IgG control-stained tissues are not presented but did not differ from sham-injected knock-in tissues. Quantification of the data is presented in the bottom right panel. The data demonstrate that Sca-1
Ϫ induce Runx2 expression in vitro and in vivo. *, P Ͻ .05 versus control (Student's t test). Abbreviations: HSC, hematopoietic stem cell; Runx2, Runt-related transcript factor 2. (Fig. 6) . These data suggest that hormone replacement alone was not sufficient to reverse the stem cell defect.
DISCUSSION
Previous work suggests an interdependent relationship between HSCs and OBs, whereby HSCs induce the expression of hematopoietic-supportive activities by OBs [25] . Therefore it was hypothesized that crosstalk between HSCs-OBs is essential for the development of both cellular populations. The data presented here suggest that HSCs are able to direct mesenchymal differentiation toward the osteoblastic lineage under basal conditions. These activities are possibly due to targeting either In (A) , real-time reverse-transcription-polymerase chain reaction (RT-PCR) was used to evaluate mRNA levels for BMP-2, BMP-6, and FGF-23 from HSCs (Sca-1 ϩ cKit ϩ CD150 ϩ CD41 Ϫ CD48 Ϫ cells) isolated 2 days following an acute stress (jugular vein puncture and aspiration vs. puncture only, or 5-FU vs. vehicle). The cells were lysed and RNA was prepared for evaluation of mRNA levels by real-time RT-PCR. The data are presented as fold change normalized to glyceraldehyde 3-phosphate dehydrogenase, where the expression level derived from the nonstressed animals was set as the standard. ‫,ء‬ p Ͻ .05 versus the nonstressed animals (Kruskal-Wallis test, and Dunn's multiple comparisons test). In (B), bones were harvested at 0, 2, and 5 days following an acute stress, fixed, decalcified, and stained with an antibody to BMP-2 and BMP-6 or an IgG control (not shown) in conjunction with a horseradish peroxidase-3-amino-9-ethylcarbazole staining system and counterstained with hematoxylin. Bar ϭ 100 m. The data demonstrate that BMP-2 and BMP-6 are expressed HSCs and the marrow following stress. Quantification of the data is presented in the bottom right panel. Abbreviations: 5-FU, 5-fluorouracil; BMP, bone morphogenic protein; FGF-23, fibroblast growth factor 23. MSCs or progenitor populations within BMSCs. HSCs isolated from animals subjected to an acute stress (e.g., bleeding or 5-FU) were significantly better at inducing osteoblastic differentiation than HSCs obtained from control animals in vitro and in vivo. Importantly, HSC-derived BMP-2 and BMP-6 were responsible for these activities. Yet the BMP-2 response may change over the course of an animal's life span and in response in osteoporosis. These observations prove that HSCs are able to direct stromal cell fate and lineage decisions, an activity that heretofore has largely been relegated to the activity of the niche itself.
There are at least two potential mechanisms that we can conceive of whereby HSCs may establish a "paracrine loop" with OBs: (a) HSCs may directly regulate cytokine expression by OBs in response to physiologic demands. We have previously demonstrated that the levels of IL-6, leukemia-inhibitory factor (LIF), hepatocyte growth factor (HGF), and macrophage inflammatory protein 1␣ (MIP-1␣) produced by osteoblasts in the presence of human CD34
ϩ bone marrow cells [33, 34] . (b) HSCs may also influence the pattern of mesenchymal developmental and thereby indirectly modulate cytokine expression in the marrow. The indirect pathway is a realistic modality as there are numerous examples of adaptations in marrow microenvironments associated with a conversion from hematopoietic (e.g., osteoblastic or red marrow) to nonhematopoietic (e.g., adipose or yellow marrow) supportive phenotypes [35] [36] [37] . These include both physiological (e.g., age-related changes) and pathological (e.g., blood loss, aplastic anemia) adaptations. However, the molecular mechanisms for these conversions are unclear. Further studies will be required to determine whether the alterations in stem cell function/activities precede or follow the mesenchymal changes in the marrow.
Our data suggest that HSCs do not rest passively in their niche. The findings reported here suggest that a functional dialogue exists between HSCs and the mesenchymal components of the niche that may involve both direct and indirect actions. As was noted above, previous studies have explored the functional interdependence between these two cell types from the standpoint of de novo cytokine secretion [33] . For example, it was observed that when human CD34 ϩ bone marrow cells were cocultured in direct contact with OBs, a 222% Ϯ 55% (range 153%-288%) augmentation in IL-6 synthesis was observed. The accumulation of IL-6 protein was most rapid during the initial 24-hour period, accounting for nearly 77% of total IL-6 produced by OBs. Cell-to-cell contact did not appear to be required for this activity since culturing the cells separated by a microporous membrane and using conditioned medium derived from human CD34 ϩ bone marrow cells produced similar results to those of the direct coculture [33] . Likewise, we have previously demonstrated that the levels of LIF, HGF, and MIP-1␣ produced by osteoblasts in the presence of human CD34 ϩ bone marrow cells is enhanced compared to osteoblasts cultured alone [33, 38] . To our knowledge, these data represent the first demonstration that normal hematopoietic progenitor cells induce the production molecules required for the production of a normal bone marrow microenvironment by untransformed cells of the OB lineage.
Only in rare circumstances does bone form under the dermis of mammals [26] . Therefore, we reasoned that neonatal dermal fibroblasts would provide an appropriate negative control for our studies. We anticipated that the OB-stimulating activity would be specific to hematopoietic cells since we have observed coupling of osteoblastic and HSC function before [39 -41] . We were surprised, however, that soluble products derived from dermal fibroblasts suppressed CFU-F or CFU-OB formation. The molecular basis for these observations is not clear. One possibility is that the dermal fibroblasts more rapidly exhausted the culture nutrients available to support colony formation than the NABM. Alternatively, the dermal fibroblasts may have either (a) secreted colony formation inhibitors or (b) failed to secrete factors required to support colony formation. Nutrient depletion seems to be a real possibility as the control cultures appeared significantly more acidic each time the media were changed. Further studies will be required to distinguish between these possibilities.
From the present study, it is not clear whether the BMP response by HSCs represents a feedback mechanism to alter HSC pools directly. In fact, several members of the BMP family have been implicated in regulating the proliferation, differentiation, and renewal of HSCs [42] [43] [44] . Moreover, from our antibody coculture studies, we were unable to distinguish whether the anti-BMP treatments initially target the HSCs that ultimately produce a secondary set of factors that drive MSC differentiation. Genetic studies will be required to address these possibilities. Alternatively, the BMP response may target mesenchymal populations to increase niche size, as mice expressing a conditionally inactivated BMP receptor 1a have an enhanced pool size of HSCs that correlates with the volume of the trabecular bone [45] . The current findings extend these observations in that HSCs are able to direct stromal cell fate and lineage decisions, an activity that heretofore has been relegated largely to the activity of the niche itself. Yet bone marrow transplant studies have also demonstrated that aspects of the niche are likely to exist independent of the activities produced by HSCs. For if this were not the case, there should be no limit to the number of HSCs that could engraft in the absence of preconditioning [46] . Clearly, further studies will be required to sort out these disparities.
Throughout life, bone tissue is in a constant state of turnover. The process of bone remodeling is the result of a combination of ordered removal of bone tissue by osteoclasts and the deposition of new bone by osteoblasts derived from mesenchymal stromal cells. The findings reported herein suggest the possibility that HSCs themselves serve as relevant therapeutic targets for alterations in bone formation. If true, they may in part provide a mechanism as to why defective HSC function is often correlated with functional loss of bone. As a result, therapeutic agents that specifically target HSCs may prove of value in treating bone defects that take advantage of the functional crosstalk between the two tissues. As an example, administration of FMS-like tyrosine kinase 3 ligand to whole bone marrow cultures increased the recovered number of BMSCs in vitro (L.K. McCauley et al., unpublished observations). Similar observations have been made in vivo where bleeding alone [47] or marrow trauma may evoke a systemic osteogenic response [48 -53] . Alternatively, the osteopetroses are a heterogeneous group of skeletal disorders characterized by a generalized increase in bone mass caused by decreased bone resorption [54, 55] . Conceivably, inappropriate activation of HSCs in a subset of these conditions may result in localized or generalized increases in bone mass and would provide further justification for therapeutic stem cell transplantation.
Marrow transplantation offers a potential curative therapy for many conditions affecting the hematopoietic system, yet its role in the treatment of nonhematopoietic diseases has been limited. Previous reports have demonstrated the therapeutic potential of bone marrow transplantation in children with severe osteogenesis imperfecta, suggesting that mesenchymal cells can engraft and function in skeletal sites and differentiate into functional OBs [56] . Yet at present, it is relatively difficult to achieve durable and high levels of MSC engraftment [57] . In comparison, transplantation of HSCs as a therapeutic modality for a number of clinical applications has achieved considerable success. If transplantation of HSCs were able to alter the progression of mesenchymal conditions, the clinical ramifications could be considerable. For example, osteoporosis and osteopenia affect many patients with thalassemia major (TM). Leung et al. reported that HSC transplantation improved bone mineral density scores in TM subjects in a cross-sectional study [58] . Likewise, in a subject who was genetically susceptible to ectopic skeletogenesis, transplantation altered the progression of fibrodysplasia ossificans progressive [26] . Although other explanations of these cases are clearly possible, activation or targeting HSCs may prove to be a viable therapeutic option to treat skeletal or other mesenchymal abnormalities. Clearly, further studies are warranted.
